In neurons, individual dendritic spines isolate NMDA receptor-mediated Ca 2+ accumulations from the dendrite and other spines. However, it is not known to what extent spines compartmentalize signaling events downstream of Ca 2+ influx. We combined two-photon fluorescence lifetime imaging (FLIM) with two-photon glutamate uncaging to image the activity of the small GTPase Ras following NMDA receptor activation at individual spines. Induction of long-term potentiation (LTP) triggered robust Ca 2+ -dependent Ras activation in single spines that decayed in approximately 5 minutes. Ras activity spread over approximately 10 micrometers of dendrite and invaded neighboring spines by diffusion. The spread of Ras-dependent signaling was necessary for the local regulation of the threshold for LTP induction. Thus Ca 2+ -dependent synaptic signals can spread to couple multiple synapses on short stretches of dendrite.
To induce synapse-specific plasticity, we applied a train of two-photon glutamate uncaging pulses (30 pulses at 0.5 Hz) to a single spine in low (nominally 0 mM) extracellular Mg 2+ (13, 16) . Each uncaging pulse produced [Ca 2+ ] transients and NMDA-R-mediated currents (7.3 ± 0.6 pA, corresponding to the opening of ~ 5 NMDA-Rs), similar to those triggered by low frequency synaptic stimulation ( Fig. S1) (6, 22, 23) . Uncaging-evoked [Ca 2+ ] accumulations were mostly restricted to the heads of the stimulated spines ( Fig. S1A-E) (22) . The uncaging train caused a sustained spine enlargement in the stimulated spine; neighboring spines less than 4 μm away did not change (Fig. 1C-E) (13, 16) . The increase in spine volume was proportional to an enhancement in postsynaptic sensitivity to glutamate, indicating that spine enlargement is a structural correlate of LTP ( Fig. S2C) (13, 16, 24) .
The uncaging train induced robust Ras activation in the stimulated spine (Fig. 1C, F-G) , which peaked within one minute after the stimulus and returned to baseline levels within 15 minutes (τ decay = 5.6 ± 0.5 min). Ras activation required Ca 2+ influx through NMDA-Rs ( Fig. 1H ) (8) (9) (10) . Ras activation also required the activity of multiple signaling factors; inhibitors of Calcium/calmodulin-dependent protein kinase II (CaMKII; 10 μM KN62), Phosphoinositide-3 kinase (PI3K; 20 μM LY294002), or Protein kinase C (PKC; 1 μM Gö6976) signaling reduced Ras activation (Figs. 1H, S3D) (11, 22, 25) . The amplitudes of Ras activation and sustained spine enlargement were correlated ( Fig. S4A ). Expression of a dominant negative form of FRas-F (Ras S17N mutation) or inhibition of ERK activation (MEK blocker 10 μM U0126) reduced the magnitude of sustained spine enlargement ( Fig. S4F ) (22) . Ras-ERK activation therefore was necessary for the persistent increase in spine volume, confirming the role of Ras signaling in synaptic plasticity (11) . CaMKII activity, PKC signaling, and actin polymerization were also required for spine structural plasticity ( Fig. S4F) (13, 22) . We next characterized the spatial profile of Ras activation (Figs. 1F-G, 2A-B). Following the plasticity-inducing stimulus, Ras activity spread over several micrometers in both directions along the parent dendrite and invaded nearby spines (length constant, L ≈ 11 μm at 4 minutes; Fig. 2B ), suggesting that Ras signaling is not synapse-specific.
Could the presence of the Ras sensor distort the spatial profile of Ras activity? The mean distance active Ras travels before it is inactivated, L, depends on the effective diffusion coefficient of Ras, D, and the time constant of Ras inactivation, τ inactivation (22):
FRas-F expression could increase D and τ inactivation by saturating Ras scaffolds and Ras inactivators (GTPase activating proteins, GAPs), respectively. In addition, RBD competes with GAPs for binding to Ras, further increasing τ inactivation (17) . To determine if FRas-F expression increases the spread of Ras activation ( Fig. S5) (22) , we modulated FRas-F levels by changing the duration of expression and imaged Ras activation. FRas-F expression was quantified using post hoc immunofluorescence measurements ( Fig. S6) (22) . Ras activation spread along the dendrite even at the lowest FRas-F expression levels tested (~ 1.5 fold Ras over-expression, Fig. 2C-D) . Furthermore, the spatial profile of Ras activity was similar across a wide range of FRas-F concentrations ( Fig. 2C-D ). FRas-F expression therefore did not distort the spatial spread of Ras activation.
We next investigated the mechanisms underlying the spread of Ras activity. Ras mobility could be a major determinant of the spread of Ras activity (Eq. 1). To measure mobility directly, we expressed H-Ras tagged with photoactivatable GFP (paGFP-Ras) (26) together with the cytoplasm marker mCherry. After photoactivation in single spines, the spine fluorescence decayed over seconds (τ = 4.17 ± 0.40 seconds), similar to membrane-targeted paGFP and more than ten times slower than cytosolic paGFP ( Fig. 3A-B) (3). These measurements suggest that Ras diffuses relatively freely within the plasma membrane. Constitutively active Ras (Ras G12V) diffused similarly to wild-type Ras ( Fig. 3B ) and had similar mobility with or without RBD expression (22) ; Ras activation and the binding of RBD to Ras therefore did not alter Ras diffusion appreciably. Near physiological temperatures (33° C), Ras mobility was enhanced by a factor of ~ 2, likely due to changes in membrane viscosity ( Fig. 3B) (27) . Within 30 seconds after photoactivation, more than 90% of the paGFP-Ras G12V fluorescence had decayed from the spine head ( Fig. 3D) . A similar fraction of membrane-targeted paGFP remained in the spine after 30 seconds (Fig. 3D) . These studies imply that no major immobile fraction of active Ras exists in the spine. Ras over-expression could enhance diffusion by saturating Ras scaffolds ( Fig. S5A) (22, 28) . However, the decay-time constant and the fraction of fluorescence remaining in the spine at 30 seconds were independent of paGFP-Ras G12V expression levels ( Fig. 3C, E) . These data argue that active endogenous Ras is highly mobile and does not associate strongly with immobile scaffolds in the spine.
The time constant of Ras inactivation could also modulate the spread of Ras activity (Eq. 1). Because the decay of Ras activity following uncaging stimuli includes both Ras inactivation and diffusion, we instead measured Ras inactivation following brief trains of back-propagating action potentials (bAPs), which activate Ras globally ( Fig. 3F-G) (17) . Since the length constant of Ras diffusion (~ 10 μm; Fig. 2B ) is much longer than inter-spine distances, Ras molecules activated in both dendrites and spines sample the same population of GAPs independent of the stimulus. Following trains of bAPs, Ras activity decayed over minutes (τ inactivation = 4.5 ± 0.4 minutes; Fig. 3G ) (17) . Near physiological temperatures (33° C), τ inactivation was decreased by a factor of ~ 2 (Fig. 3H ). Since this reduction in τ inactivation was similar to the enhancement of Ras mobility (Fig. 3B) , the spread of Ras activity is likely to be relatively independent of temperature (Eq. 1). The duration of Ras activity may be prolonged by FRas-F expression ( Fig. S5B-C) (22) . However, τ inactivation was only weakly dependent on FRas-F expression levels (Fig. 3I ). Extrapolation to the native case gave τ inactivation ~ 2.9 minutes (Fig. 3I) . Because RBD and exogenous Ras levels were correlated (r = 0.89, P < 0.001), the estimation of τ inactivation takes into account the effects of both exogenous Ras and RBD expression. FRas-F therefore increased τ inactivation by a factor of ~ 2 and thus the spatial spread by a factor of ~ 1.5 (Eq. 1). Active Ras in the native case is therefore expected to spread by diffusion over ~ 10 μm of dendrite, invading 10-20 synapses (22) .
To address if diffusion of active Ras by itself can quantitatively explain the spread of Ras activity, we modeled the spread of Ras activation using a one-dimensional diffusion-reaction model. In the model, Ras is activated by stationary guanine nucleotide exchange factors (GEFs) in the stimulated spine and is inactivated by GAPs that are distributed homogeneously along the dendrite. By fitting our spatial Ras activity data (Fig. 2B ) using a global regression analysis, we obtained estimates of the time constant of GEF activity, τ GEF = 2.0 min, τ inactivation = 4.5 minutes, and D = 0.65 μm 2 /s. These estimates of τ inactivation and D are identical to the values measured independently ( Fig. 3) (22, 29) . We conclude that the spread of Ras activation can be explained by the rapid diffusion of active Ras.
What could be the function of the spread of Ras activation? Induction of LTP at a single synapse reduces the threshold for potentiation at neighboring synapses (16) . Since the timescales (~ 5 minutes) and length scales (~ 10 μm) of Ras signaling and synaptic crosstalk (16) are identical, we tested if the spread of Ras activity is critical for the local modulation of the LTP induction threshold.
In a synaptic crosstalk experiment, LTP is induced at one spine (LTP spine) with a train of uncaging pulses; subsequently a subthreshold uncaging protocol, which by itself is too weak to trigger plasticity (Fig. S7C) , is now sufficient to induce functional and structural plasticity in a neighboring spine (sub spine) (16) . If the spread of Ras activity is necessary for crosstalk, Ras-dependent signaling is likely required at a later time in the sub spine compared to the LTP spine. We induced LTP at a single spine and a short time (3 minutes) later locally applied a MEK inhibitor (20 μM U0126) to block Ras-ERK signaling; the inhibitor did not decrease the sustained spine volume change in the LTP spine appreciably (Fig. 4B-D) . We then stimulated a neighboring spine with the subthreshold protocol. The MEK inhibitor substantially reduced the sustained spine enlargement in the sub spine ( Fig. 4B-D) , indicating that Ras-dependent signaling is necessary for crosstalk in plasticity.
Ras activity in the sub spine could be caused exclusively by the spread of Ras activity from the LTP spine, but may also include Ras directly activated in the sub spine by the subthreshold protocol. However, the subthreshold protocol alone did not induce detectable Ras activation (Fig. S7B) . Similarly, in the crosstalk stimulus paradigm, the subthreshold protocol did not trigger additional Ras activation in the sub spine; the decay of Ras activation triggered by the LTP protocol was similar with and without application of the subthreshold protocol (compare Figs. 1G and 4E) (22) . Furthermore, the magnitude of Ras activation in the sub spine prior to the subthreshold protocol, due to the spread of Ras activity, was correlated with the sustained spine enlargement in the sub spine ( Fig. 4F ). Together, these data indicate that the spread of Ras-dependent signaling is necessary for the local regulation of the LTP induction threshold.
We have shown that Ras signaling following LTP induction spreads along 10 μm of dendrite and invades neighboring spines. The timescale of Ras inactivation was on the order of minutes, compared with a spine-dendrite diffusional coupling time of seconds. Active Ras can therefore diffuse out of the spine head into the dendrite before inactivating. In contrast, Ca 2+ is highly compartmentalized because it is extruded much more rapidly (tens of milliseconds) than the diffusional relaxation time between spine and dendrite (hundreds of milliseconds) (6) . The diffusional barrier created by the narrow spine neck (2,3) may be important for rapid signals, such as Ca 2+ , but is likely less significant for other diffusible signals with longer durations. Synapse-specific plasticity presumably is achieved by signaling molecules that are strongly tethered to postsynaptic scaffolds. The spread of Ca 2+ -dependent signaling and local functional interactions at the level of plasticity (16) indicate that neighboring synapses are co-regulated. Synapses sharing a short stretch of dendrite may therefore form functional units within individual neurons (30). 
